Conducting microbeads have been obtained by the formation of a metal thin layer on a plastic core microbead with an electroless plating method.
According to this method, it is possible to form a single metal layer consisting of twodimensional arrays of metal NPs via binders on the surface of the microbeads.
Usually, these NPs structures formed on a planar substrate are assessed by using high-resolution microscopies, such as scanning probe microscopy (SPM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). However, it is difficult to appropriately evaluate their structures on a microbead, since observation from only one direction of the bead is possible in such microscopic techniques. In the present work, we attempted to develop a simple evaluation method to estimate the surface coverage of a plastic microbead by using metal NPs based on the light-scattering intensity.
We prepared silver NP (AgNP) by the conventional chemical reduction method in an aqueous solution as follows: 0.1 M silver nitrate was added into an alkali aqueous solution of sodium hydroxide containing 0.2 mM disodium ethylenediaminetetraacetate, and then stirred at 373 K. 10 After stirring for 20 min, the reaction solution was allowed to cool down at room temperature. Characterization using a zeta-potential & particle size analyzer (ELSZ-2Plus, Otsuka Electronics) revealed that the produced AgNP had a mean diameter of 30.2 ± 3.7 nm. Ten milligrams of acrylic resin microbead (mean diameter of 5 μm) and a butanethiol binder were added to the colloidal silver dispersion; the mixture was then stirred at room temperature for one day. 9 The AgNP coverage of the acrylic resin microbead was controlled by the amount of binder. 2 The surfaces of the microbeads were imaged using field-emission scanning electron microscopy (FE-SEM; S-4700, Hitachi).
SEM images of the AgNP-coated microbeads are shown in Fig. 1 . We can find that sparsely adsorbed AgNP had a mean diameter of 30 nm on the acrylic resin microbead, and also that there was a clear contrast between bright and dark portions based on the differences in the electrical conductivity between silver and acrylic resin, as shown in Fig. 1a . The AgNPcoverage of the microbead was estimated to be 9% from the SEM images of the different 10 beads. As the result of a threetimes higher amount of the binder than the above one, the coverage was estimated to be 26% (b). The bright portion in the SEM images increased with increasing amount of the binder when the microbead amount was kept constant (Figs. 1c and 1d). A 100% AgNP-covered microbead (e) with a uniformly surface and without overlapping of the AgNPs was obtained.
Dark-field microscopy detects only the light scattered by a structure, while directly transmitted light is blocked using a dark-field condenser. 11, 12 Dark-field light-scattering images were obtained using an optical microscope with a dark-field condenser, a 100 W halogen lamp, and a charge-coupled device (CCD) camera. Scattering spectra were obtained using a miniature grating spectrometer, which was connected to the microscope using an optical fiber. The light-scattering spectra were corrected for spectral variations in the system response, and the white-light intensity distribution (main intensity, 600 nm) through division by bright-field spectra was recorded through the sample. The collection volume was based on the cross-sectional area (approximately 10 μm 2 ) for the combination of 100× objective (NA 0.9) and optical fiber (core diameter, 400 μm) used here.
A bare microbead indicates a very bright white glow with interference light in the dark-field image, as shown in Fig. 2Aa . The light-scattering intensity decreased with an increase in the AgNP coverage, and then became one order of magnitude less than that of the bare microbead for 68% coverage of the microbead surface by the AgNP, as shown in Fig. 2Ae . We can find that removal of the components of the incident-light from the obtained spectrum clarified the light-scattering characteristics of the bead. Therefore, the light-scattering spectra were normalized by the incident-light source, which had a white-light intensity distribution of the incident-light (red spectrum in Fig. 2A ), as shown in Fig. 2B . The respective normalized spectrum indicated a slope of soaring in the visible region. We found that the normalized intensity (I/I0) depended clearly on the AgNP coverage over a wide range of wavelengths, and the periodic spikes were clearly observed in the normalized spectrum of a single bead. The incident-light on the microbeads' surface is reflected repeatedly at the gas/solid interface, owing to the different refractive indexes between the acrylic resin and the air surrounding the bead. [13] [14] [15] Such reflected light is eventually confined and propagates inside the acrylic bead, and yields the observed periodic spikes in the spectrum of a single bead. The resonance mode, known as the whispering gallery mode (WGM), has been observed in the spectra of bare and AgNP covered beads in Fig. 2 . On the other hand, the resonance mode decreased with an increase in the AgNP coverage of microbead. In this sense, such periodic spikes were observed clearly at 26% of the AgNP coverage (b); but they were hardly seen for 40% of the AgNP coverage or higher. This implies that the incident-light is absorbed owing to the localized surface plasmon resonance (LSPR) of the AgNP at the gas/solid interface. 16 To evaluate the AgNP-coverage of microbeads, we have focused on the dependence of the normalized intensity (I/I0), as shown in Fig. 3A . The I/I0 ratio decreased with increasing AgNP-coverage of a microbead in the wavelength between 500 and 700 nm. On the other hand, we found the LSPR effect of the sparsely-adsorbed AgNP at less than 450 nm of wavelength, as shown in the inset of Fig. 3A . This implies that the aggregates of the AgNPs indicate the LSPR in the longwavelength region. At 700 nm, a good correlation between the I/I0 ratio and the AgNP-microbead coverage was found. High reproducibility was obtained when the measurements were carried out for many microbeads (n > 5) at the same coverage and at different coverages. Variations in the I/I0 value shown in In summary, we successfully developed a simple evaluation method to estimate the coverage of microbeads by AgNPcoating, based on light-scattering. For a more accurate evaluation of the coverage, not only the effects of the WGM and SPR, but also the size and metal species of the NPs need to be examined. Although such examination is necessary, we believe that our approach represents a breakthrough development. 
